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1. 

CATALYSTS, SYSTEMS, AND METHODS FOR 
PRODUCING FUELS AND FUEL ADDITIVES 

FROM POLYOLS 

This application claims the benefit of U.S. Provisional 
Application No. 61/103.513, filed Oct. 7, 2008, the content of 
which is herein incorporated by reference in its entirety. 

FIELD OF THE INVENTION 

The present invention relates to catalysts, systems, and 
methods for chemically processing polyols. More specifi 
cally, the invention relates to catalysts, systems, and methods 
for producing products such as fuels and fuel additives from 
polyols. 

BACKGROUND OF THE INVENTION 

Polyols are compounds containing more than one hydroxyl 
group, each attached to separate carbon atoms of an aliphatic 
skeleton. Glycerin is one example of a polyol. Glycerin is a 
colorless, odorless, viscous liquid that is Sweet-tasting and of 
low toxicity. Also known as glycerol, glycerine, or by its 
IUPAC name propane-1,2,3-triol, it is a chemical compound 
with various uses, including as a non-active ingredient in 
pharmaceutical formulations, as an additive to foods, and as a 
feedstock for the production of nitroglycerin. 

In the past, glycerin was produced synthetically from 
epichlorohydrin. However, since glycerin forms the back 
bone of triglycerides, it is produced during transesterification 
of triglycerides, such as during the production of biodiesel 
fuel. Because production of biodiesel fuel has increased 
greatly in the recent past, the Supply of glycerin has vastly 
exceeded demand, turning it into a very low value byproduct. 
In fact, the value of glycerin is so low that some plants 
producing it as a by-product have simply been incinerating it. 
Disposal of glycerin is likely to become an even bigger prob 
lem since forecasts suggest that production of biodiesel will 
continue to increase dramatically. 

For at least these reasons, a need exists for new methods of 
utilizing polyols such as glycerin for producing higher value 
added products. 

SUMMARY OF THE INVENTION 

The present invention relates to catalysts, systems, and 
methods for producing products such as fuels and fuel addi 
tives from polyols. In an embodiment, the invention includes 
a method of producing a fuel additive, including combining a 
polyol and a component selected from the group consisting of 
alcohols and organic acids to form a reaction mixture and 
contacting the reaction mixture with a metal oxide catalyst at 
a temperature of greater than about 150 degrees Celsius. 

In an embodiment, the invention includes a fuel additive 
produced according to the process of combining a polyol and 
a component selected from the group consisting of alcohols 
and carboxylic acids to form a reaction mixture and contact 
ing the reaction mixture with a metal oxide catalyst at a 
temperature of greater than about 150 degrees Celsius. 

In an embodiment, the invention includes a fuel composi 
tion including at least about 50 percent by weight offatty acid 
alkyl esters and at least about 1 percent by weight of the 
reaction products of a polyol and a component selected from 
the group consisting of organic acids and alcohols. 

In an embodiment, the invention includes a fuel composi 
tion produced according to the process of contacting a mix 
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2 
ture of a lipid feedstock and ethanol with a metal oxide 
catalyst at a temperature greater than about 150 degrees Cel 
sius. 

In an embodiment, the invention includes a method of 
making a fuel composition including processing a lipid feed 
stock in order to produce a mixture of fatty acid alkyl esters 
and glycerin, separating out the glycerin, combining the glyc 
erin with an alcohol feedstock to form a reaction mixture, 
contacting the reaction mixture with a metal oxide catalyst at 
a temperature of greater than about 150 degrees Celsius to 
form a product mixture, and combining the product mixture 
with fatty acid alkyl esters to form the fuel composition. 

In an embodiment, the invention includes a method of 
producing a cold weather biodiesel composition with includ 
ing contacting glycerin and ethanol with a metal oxide cata 
lyst at a temperature of greater than about 150 degrees Celsius 
to form a reaction product mixture and mixing the reaction 
product mixture with a fatty acid alkyl ester composition to 
form a cold weather biodiesel composition, such that the 
combined mixture includes at least about 0.1 wt.% of the 
reaction product mixture. 
The above summary of the present invention is not 

intended to describe each discussed embodiment of the 
present invention. This is the purpose of the figures and the 
detailed description that follows. 

BRIEF DESCRIPTION OF THE FIGURES 

The invention may be more completely understood in con 
nection with the following drawings, in which: 

FIG. 1 is a schematic view of a system for producing 
products from polyols in accordance with an embodiment of 
the invention. 

FIG. 2 is a schematic view of a system for producing 
products from polyols in accordance with another embodi 
ment of the invention. 

FIG. 3 is a schematic view of a system for producing 
products from polyols in accordance with another embodi 
ment of the invention. 

FIG. 4 is a gas chromatogram of reaction products formed 
in example 3. 

FIG. 5 is a table showing ASTM testing results for the 
reaction products of example 3. 

FIG. 6 is a gas chromatogram of reaction products formed 
in example 4. 

While the invention is susceptible to various modifications 
and alternative forms, specifics thereof have been shown by 
way of example and drawings, and will be described in detail. 
It should be understood, however, that the invention is not 
limited to the particular embodiments described. On the con 
trary, the intention is to cover modifications, equivalents, and 
alternatives falling within the spirit and scope of the inven 
tion. 

DETAILED DESCRIPTION OF THE INVENTION 

The embodiments of the present invention described herein 
are not intended to be exhaustive or to limit the invention to 
the precise forms disclosed in the following detailed descrip 
tion. Rather, the embodiments are chosen and described so 
that others skilled in the art can appreciate and understand the 
principles and practices of the present invention. 

All publications and patents mentioned herein are hereby 
incorporated by reference in their entirety. The publications 
and patents disclosed herein are provided solely for their 
disclosure. Nothing herein is to be construed as an admission 
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that the inventors are not entitled to antedate any publication 
and/or patent, including any publication and/or patent cited 
herein. 
As described above, there is a need for methods and sys 

tems to convert polyols into higher value products. As shown 
in the examples below, embodiments of the invention can be 
used to convert polyols, such as glycerin, and at least one 
co-reactant into a higher value product mixture. The resulting 
product mixture has many uses including as a fuel and as a 
fuel additive that can improve the low temperature properties 
of biodiesel fuel. 

In an embodiment, the invention includes a method of 
producing a fuel additive, including combining a polyol and a 
component selected from the group consisting of alcohols 
and organic acids to form a reaction mixture and contacting 
the reaction mixture with a metal oxide catalyst at a tempera 
ture of greater than about 150 degrees Celsius. 
Polyols 

Polyols used with embodiments of invention can include 
both dihydric and polyhydric alcohols. Polyols used with 
embodiments of the invention can include compounds having 
the general formula of HO X—OH, wherein X is an ali 
phatic (including alkane, alkene, or alkyne) or aryl group 
having between one and sixty carbons. Exemplary polyols 
can specifically include glycerin, ethylene glycol, pro 
panediol, and glucose. 
Metal Oxide Catalysts 

Metal oxide catalysts used with embodiments of the inven 
tion can include metal oxides with Surfaces including Lewis 
acid sites, Lewis base sites, Brönsted base sites, and Brönsted 
acid sites. By definition, a Lewis acid is an electron pair 
acceptor. A Brönsted base is a proton acceptor and a Brönsted 
acid is a proton donor. Metal oxide catalysts of the invention 
can specifically include Zirconia, alumina, titania and hafnia. 
Metal oxide catalysts of the invention can also include silica 
clad with a metal oxide selected from the group consisting of 
Zirconia, alumina, titania, hafnia, Zinc oxide, copper oxide, 
magnesium oxide and iron oxide. Metal oxide catalysts of the 
invention can also include mixtures of metal oxides, such as 
mixtures of metal oxides including Zirconia, alumina, titania 
and/or hafnia. Of the various metal oxides that can be used 
with embodiments of the invention, Zirconia, titania and 
hafnia are advantageous as they are very chemically and 
thermally stable and can withstand very high temperatures 
and pressures as well as extremes in pH. 

Metal oxides of the invention can include metal oxide 
particles clad with carbon. Carbon clad metal oxide particles 
can be made using various techniques such as the procedures 
described in U.S. Pat. Nos. 5,108,597; 5,254,262; 5,346,619; 
5,271,833; and 5,182,016, the contents of which are herein 
incorporated by reference. Carbon cladding on metal oxide 
particles can render the surface of the particles more hydro 
phobic. 

Metal oxides of the invention can also include polymer 
coated metal oxides. By way of example, metal oxides of the 
invention can include a metal oxide coated with polybutadi 
ene (PBD). Polymer coated metal oxide particles can be made 
using various techniques such as the procedure described in 
Example 1 of U.S. Pub. Pat. App. No. 2005/0118409, the 
contents of which are herein incorporated by reference. Poly 
mer coatings on metal oxide particles can render the Surface 
of the particles more hydrophobic. 

Metal oxide catalysts of the invention can be made in 
various ways. As one example, a colloidal dispersion of Zir 
conium dioxide can be spray dried to produce aggregated 
Zirconium dioxide particles. Colloidal dispersions of Zirco 
nium dioxide are commercially available from Nyacol Nano 
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Technologies, Inc., Ashland, Mass. The average diameter of 
particles produced using a spray drying technique can be 
varied by changing the spray drying conditions. Examples of 
spray drying techniques are described in U.S. Pat. No. 4,138, 
336 and U.S. Pat. No. 5,108,597, the contents of both of 
which are herein incorporated by reference. It will be appre 
ciated that other methods can also be used to create metal 
oxide particles. One example is an oil emulsion technique as 
described in Robichaud et al., Technical Note, “An Improved 
Oil Emulsion Synthesis Method for Large, Porous Zirconia 
Particles for Packed- or Fluidized-Bed Protein Chromatogra 
phy.” Sep. Sci. Technol. 32, 2547-59 (1997). A second 
example is the formation of metal oxide particles by polymer 
induced colloidal aggregation as described in M. J. Annen, R. 
Kizhappali, P. W. Carr, and A. McCormick, “Development of 
Porous Zirconia Spheres by Polymerization-Induced Colloid 
Aggregation-Effect of Polymerization Rate.” J. Mater. Sci. 
29, 6123-30 (1994). A polymer induced colloidal aggregation 
technique is also described in U.S. Pat. No. 5,540,834, the 
contents of which are herein incorporated by reference. 

Metal oxide catalysts used in embodiments of the invention 
can be sintered by heating them in a furnace or other heating 
device at a relatively high temperature. In some embodi 
ments, the metal oxide is sintered at a temperature of about 
160° C. or greater. In some embodiments, the metal oxide is 
sintered at a temperature of about 400° C. or greater. In some 
embodiments, the metal oxide is sintered at a temperature of 
about 600° C. or greater. Sintering can be done for various 
amounts of time depending on the desired effect. Sintering 
can make metal oxide catalysts more durable. In some 
embodiments, the metal oxide is sintered for more than about 
30 minutes. In some embodiments, the metal oxide is sintered 
for more than about 3 hours. However, sintering also reduces 
the Surface area. In some embodiments, the metal oxide is 
sintered for less than about 1 week. 

In some embodiments, the metal oxide catalyst is in the 
form of particles. Particles within a desired size range can be 
specifically selected for use as a catalyst. For example, par 
ticles can be sorted by size using techniques such as air 
classification, elutriation, settling fractionation, or mechani 
cal Screening. In some embodiments, the size of the particles 
is greater than about 0.2 Lum. In some embodiments, the size 
range selected is from about 0.2 um to about 1 mm. In some 
embodiments, the size range selected is from about 1 um to 
about 100 um. In some embodiments, the size range selected 
is from about 5um to about 15um. In some embodiments, the 
average size selected is about 10 Jum. In some embodiments, 
the average size selected is about 5um. 

In some embodiments, metal oxide particles used with 
embodiments of the invention are porous. By way of example, 
in some embodiments the metal oxide particles can have an 
average pore size of about 30 angstroms to about 2000 ang 
stroms. However, in other embodiments, metal oxide par 
ticles used are non-porous. 
The physical properties of a porous metal oxide can be 

quantitatively described in various ways such as by Surface 
area, pore Volume, porosity, and pore diameter. In some 
embodiments, metal oxide catalysts of the invention can have 
a surface area of between about 1 and about 200 m/gram. 
Pore volume refers to the proportion of the total volume taken 
up by pores in a material per weight amount of the material. In 
Some embodiments, metal oxide catalysts of the invention can 
have a pore volume of between about 0.01 mL/g and about 2 
mL/g. Porosity refers to the proportion within a total volume 
that is taken up by pores. As such, if the total Volume of a 
particle is 1 cm and it has a porosity of 0.5, then the volume 
taken up by pores within the total volume is 0.5 cm. In some 
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embodiments, metal oxide catalysts of the invention can have 
a porosity of between about 0 and about 0.8. In some embodi 
ments, metal oxide catalysts of the invention can have a 
porosity of between about 0.3 and 0.6. 

Metal oxide particles used with embodiments of the inven 
tion can have various shapes. By way of example, in some 
embodiments the metal oxide can be in the form of spherules. 
In other embodiments, the metal oxide can be a monolith. In 
Some embodiments, the metal oxide can have an irregular 
shape. 
The Lewis acid sites on metal oxides of the invention can 

interact with Lewis basic compounds. Thus, Lewis basic 
compounds can be bonded to the surface of metal oxides of 
the invention. A Lewis base is an electron pair donor. Lewis 
basic compounds of the invention can include anions formed 
from the dissociation of acids such as hydrobromic acid, 
hydrochloric acid, hydroiodic acid, nitric acid, Sulfuric acid, 
perchloric acid, boric acid, chloric acid, phosphoric acid, 
pyrophosphoric acid, chromic acid, permanganic acid, phytic 
acid and ethylenediamine tetramethyl phosphonic acid 
(EDTPA), and the like. Lewis basic compounds of the inven 
tion can also include hydroxide ion as formed from the dis 
Sociation of bases such as Sodium hydroxide, potassium 
hydroxide, lithium hydroxide and the like. 

The anion of an acid can be bonded to a metal oxide of the 
invention by refluxing the metal oxide in an acid solution. By 
way of example, metal oxide particles can be refluxed in a 
solution of sulfuric acid. Alternatively, the anion formed from 
dissociation of a base. Such as the hydroxide ion formed from 
dissociation of sodium hydroxide, can be bonded to a metal 
oxide by refluxing in a base solution. By way of example, 
metal oxide particles can be refluxed in a solution of sodium 
hydroxide. The base or acid modification can be achieved 
under exposure to the acid or base in either batch or continu 
ous flow conditions when disposed in a reactor housing at 
elevated temperature and pressure to speed up the adsorption/ 
modification process. In some embodiments, fluoride ion, 
such as formed by the dissociation of sodium fluoride, can be 
bonded to the particles. 

In some embodiments, metal oxide particles can be packed 
into a housing, such as a column. Disposing metal oxide 
particles in a housing is one approach to facilitating continu 
ous flow processes. Many different techniques may be used 
for packing the metal oxide particles into a housing. The 
specific technique used may depend on factors such as the 
average particle size, the type of housing used, etc. Generally 
speaking, particles with an average size of about 1-20 microns 
can be packed under pressure and particles with an average 
size larger than 20 microns can be packed by dry-packing/ 
tapping methods or by low pressure slurry packing. In some 
embodiments, the metal oxide particles of the invention can 
be impregnated into a membrane, such as a PTFE membrane. 

However, in Some embodiments, metal oxide catalysts 
used with embodiments of the invention are not in particulate 
form. For example, a layer of a metal oxide can be disposed on 
a substrate in order to form a catalyst used with embodiments 
of the invention. The substrate can be a surface that is con 
figured to contact the alcohol feedstock during processing. In 
one approach, a metal oxide catalyst can be disposed as a 
layer over a surface of a reactor that contacts the alcohol 
feedstock. Alternatively, the metal oxide catalyst can be 
embedded as a particulate in the Surface of an element that is 
configured to contact the alcohol feedstock during process 
ing. 
Reaction Conditions 

In some embodiments, the reaction temperature is about 
150° Celsius or hotter. In some embodiments, the reaction 
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6 
temperature is about 200° Celsius or higher. In some embodi 
ments, the reaction temperature is about 300° Celsius or 
higher. In some embodiments, the reaction temperature is 
about 350° Celsius or higher. 
The reaction mixture may be passed over the metal oxide 

catalyst for a length of time sufficient for the reaction to reach 
a desired level of completion. This will, in turn, depend on 
various factors including the temperature of the reaction, the 
chemical nature of the catalyst, the Surface area of the cata 
lyst, the contact time with the catalyst and the like. In an 
embodiment, the contact time is between about 0.1 seconds 
and 2 hours. In an embodiment, the contact time is between 
about 1 second and 20 minutes. In an embodiment, the contact 
time is between about 2 seconds and 1 minute. 

In some embodiments, the reaction mixture is kept under 
pressure during the reaction in order to prevent components 
of the reaction mixture (such as the co-reactant feedstock) 
from vaporizing. The reactor housing can be configured to 
withstand the pressure under which the reaction mixture is 
kept. In addition, a backpressure regulator can be used to 
maintain a desired pressure. A desirable pressure for the 
reactor can be estimated with the aid of the Clausius-Clapey 
ron equation. Specifically, the Clausius-Clapeyron equation 
can be used to estimate the vapor pressures of a liquid. The 
Clausius-Clapeyron equation is as follows: 

wherein AH, is the enthalpy of vaporization; P is the 
vapor pressure of a liquid at temperature T. P. is the vapor 
pressure of a liquid attemperature T, and R is the ideal gas 
COnStant. 

In an embodiment, the pressure inside the housing is 
greater than the vapor pressures of any of the components of 
the reaction mixture. In an embodiment, the pressure is 
greater than about 500 psi. In an embodiment, the pressure is 
greater than about 800 psi. In an embodiment, the pressure is 
greater than about 1000psi. In an embodiment, the pressure is 
greater than about 1500 psi. In an embodiment, the pressure is 
greater than about 2000 psi. In an embodiment, the pressure is 
greater than about 3000 psi. In an embodiment, the pressure is 
greater than about 3000 psi. In an embodiment, the pressure is 
greater than about 4000 psi. In an embodiment, the pressure is 
greater than about 5000 psi. 
Alcohols 

Embodiments of the invention can include combining a 
polyol. Such as glycerin, with an alcohol and then contacting 
the resulting mixture with a metal oxide catalyst. Exemplary 
alcohols can include aliphatic, aromatic, and alicyclic alco 
hols. In some embodiments, alcohols can include C1-C30 
alcohols (alcohols with one to thirty carbon atoms). In some 
embodiments, alcohols can include C1-C6 alkyl alcohols. 
Alcohols used herein can be mono-functional or multi-func 
tional (e.g., one alcohol moiety or multiple alcohol moieties). 
Exemplary alcohols can specifically include methanol, etha 
nol, propanol, isopropyl alcohol, butanol, and the like. 

Alcohol feedstocks used with embodiments herein can 
include those formed through fermentation processes. By 
way of example, biomass can be fermented by microorgan 
isms in order to produced alcohol feedstocks. Virtually any 
living organism is a potential Source of biomass for use in 
fermentation processes. As such, alcohol feedstocks can be 
derived from industrial processing wastes, food processing 
wastes, mill wastes, municipal/urban wastes, forestry prod 
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ucts and forestry wastes, agricultural products and agricul 
tural wastes, amongst other sources. In some embodiments, 
alcohol feedstocks as used herein can be formed from bio 
logical wastes using processes such as those described in U.S. 
Pat. No. 7.309,592, the content of which is herein incorpo 
rated by reference in its entirety. 
Though not limiting the scope of possible sources, specific 

examples of biomass crop Sources for alcohol production can 
include corn, poplar, Switchgrass, reed canary grass, willow, 
silver maple, black locust, Sycamore, Sweetgum, Sorghum, 
miscanthus, eucalyptus, hemp, maize, wheat, soybeans, 
alfalfa, pennycress and prairie grasses. 
Organic Acids 

Embodiments of the invention can include combining 
polyols, such as glycerin, with an organic acid and then con 
tacting the resulting mixture with a metal oxide catalyst. It 
will be appreciated that various organic acids can be used. By 
way of example, in Some embodiments organic acids can 
specifically include carboxylic acids. Exemplary carboxylic 
acids can include both aliphatic and aromatic carboxylic 
acids. Exemplary carboxylic acids can specifically include 
acetic acid, propanoic acid, butyric acid, and benzoic acid. 
Polyol Reaction Systems 

It will be appreciated that many different reactor designs 
are possible in order to perform methods and processes as 
described herein. FIG. 1 is a schematic diagram of a polyol 
reactor in accordance with one embodiment of the invention. 
In this embodiment, a polyol feedstock is held in a polyol 
feedstock tank 101. In this embodiment, an alcohol and/or 
organic acid feedstock is held in a co-reactant feedstock tank 
103. In some embodiments, one or both of the polyol feed 
stock tank 101 and co-reactant feedstock tank 103 can be 
heated. 

The polyol feedstock passes through a pump 102 before 
passing through a heat exchanger 106 where the polyol feed 
stock can absorb heat from downstream products. Similarly, 
the co-reactant feedstock (alcohol and/or organic acid) then 
passes through a pump 104 before passing through the heat 
exchanger 106. An exemplary heat exchanger is described in 
U.S. Pat. No. 6,666,074, the content of which is herein incor 
porated by reference. For example, a pipe or tube containing 
the effluent flow is routed past a pipe or tube holding the 
feedstock flow or the reaction mixture. In some embodiments, 
athermally conductive material. Such as a metal, connects the 
effluent flow with the feedstock flow so that heat can be 
efficiently transferred from the effluent products to the 
incoming feedstock. Transferring heat from the effluent flow 
to the feedstock flow can make the production process more 
energy efficient since less energy is used to get the reaction 
mixture up to a desired temperature. 

Both the polyol feedstock and the co-reactant feedstock 
can be continuously sparged with an inert gas such as nitrogen 
to remove dissolved oxygen from the feedstocks. The feed 
stocks can then optionally pass through a shutoff valve 108 
and, optionally, a filter 110 to remove particulate material of 
a certain size from the feedstock stream. The feedstock 
streams can then pass through a preheater 112. The preheater 
112 can elevate the temperature of the reaction mixture to a 
desired level. Many different types of heaters are known in the 
art and can be used. 
The reaction mixture can then pass through a reactor 114 

where the co-reactant feedstock and the polyol feedstock are 
converted into a reaction product mixture. The reactor can 
include a metal oxide catalyst, such as in the various forms 
described herein. In some embodiments the reactor housing is 
a ceramic that can withstand elevated temperatures and pres 
Sures. In some embodiments, the reactor housing is a metal or 
an alloy of metals. 
The reaction product mixture can then pass through the 

heat exchanger 106 in order to transfer heat from the effluent 
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reaction product stream to the polyol and co-reactant feed 
stock streams. The reaction product mixture can also pass 
through a backpressure regulator 116 before passing on to a 
reaction product storage tank 118. In some embodiments, 
residual co-reactant can be separated from the liquid reaction 
product mixture and then fedback into the reactor or back into 
the co-reactant feedstock tank 103. 

In some embodiments, the reaction mixture reaches the 
desired level of completion after one pass over the metal 
oxide catalyst bed or packing However, in some embodi 
ments, the effluent flow may be rerouted over the same metal 
oxide catalyst or routed over another metal oxide catalyst bed 
or packing so that reaction is pushed farther toward comple 
tion in stages. 

In some embodiments two or more metal oxide catalyst 
beds. In some embodiments, an acid-modified metal oxide 
catalyst (Such as Sulfuric or phosphoric acid modified) and a 
base-modified metal oxide catalyst (such as sodium hydrox 
ide modified) can be separately formed but then disposed 
together within a single reactor housing. In such an approach, 
the reaction mixture passing through the reactor housing can 
be simultaneously exposed to both the acid and base modified 
metal oxide catalysts. 

In some embodiments, two different metal oxides (such 
Zirconia and titania) can be separately formed but then dis 
posed together within a single reactor housing. In Such an 
approach, the reaction mixture passing through the reactor 
housing can be simultaneously exposed to both metal oxide 
catalysts. 

In some embodiments, one or more metal oxides (such 
Zirconia and titania) can be coated on an inert porous Support 
(such as silica gel or Zeolite) separately formed but then 
disposed together within a single reactor housing. In such an 
approach, the reaction mixture passing through the reactor 
housing can be simultaneously exposed to the metal oxide 
catalyst(s). 
Further Embodiments 

In some embodiments, polyol reactors as described herein 
can be used in conjunction with plants that produce biodiesel. 
For example, a polyol reactor as described herein can be used 
in conjunction with a plant that produces biodiesel and polyol 
as a by-product. For example, referring now to FIG. 2, a 
schematic diagram is shown of a polyol reactorin conjunction 
with a biodiesel plant 201 accordance with an embodiment of 
the invention. In this embodiment, a polyol feedstock is pro 
duced as a byproduct in a biodiesel production plant 201. The 
polyol feedstock then passes through a pump 202 before 
entering a heat exchanger 206 where the polyol feedstock 
absorbs heat from downstream products. An alcohol or 
organic acid feedstock (co-reactant) passes from a co-reac 
tant tank 203, through a pump 204 and then through the heat 
exchanger 206. 

In Some embodiments, not shown, a biodiesel product mix 
ture (including biodiesel, polyols, and excess alcohol) after 
being formed in a biodiesel plant may pass through a flash 
separator to remove the excess alcohol and volatiles from the 
biodiesel product mixture. As such, in Some embodiments, 
some of the energy that would otherwise be transferred by 
way of a heat exchanger, is dissipated in the flash separator. 
The polyol and/or co-reactant feedstocks may be continu 

ously sparged with an inert gas such as nitrogen or helium to 
remove dissolved oxygen. The polyol and co-reactant feed 
stocks optionally pass through a shutoff valve 208 and, 
optionally, a filter 210 to remove particulate material of a 
certain size. The polyol and co-reactant feedstocks then pass 
through a preheater 212. The reaction mixture can then pass 
through a reactor 214 where the polyol and co-reactant feed 
stocks are converted into a reaction product mixture. The 
reactor can include a metal oxide catalyst, such as in the 
various forms described herein. 
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The reaction product mixture can pass through the heat 
exchanger 206 in order to transfer heat from the effluent 
reaction product stream to the feedstock streams. The reac 
tion product mixture can also pass through a backpressure 
regulator 216 before passing on to a reaction product storage 
tank 218. In some embodiments, residual co-reactant can be 
separated from the reaction product mixture and then fed 
back into the co-reactant tank 203. 

Referring now to FIG. 3, a schematic diagram is shown of 
a polyol reactor in accordance with another embodiment of 
the invention. In this embodiment, a polyol feedstock is held 
in a polyol feedstock tank 302. In this embodiment, ethanol is 
held in an ethanol feedstock tank 308. The polyol feedstock 
passes through a pump 304 before passing through a filter 307 
to remove particulate matter of a certain size and then another 
pump 306. The polyol feedstock then passes through a heat 
exchanger 312 where the polyol feedstock can absorb heat 
from downstream products. Similarly, the ethanol feedstock 
passes through a pump 310 before passing through the heat 
exchanger 312. Both the polyol feedstock and the ethanol 
feedstock can be continuously sparged with an inert gas Such 
as nitrogen to remove dissolved oxygen from the feedstocks. 
After the heat exchanger 312, the feedstock streams can then 
pass through a preheater 314. The preheater 314 can elevate 
the temperature of the reaction mixture to a desired level. 
Many different types of heaters are known in the art and can 
be used. 

The reaction mixture can then pass through a reactor 316 
where the ethanol feedstock and the polyol feedstock are 
converted into a reaction product mixture. The reactor can 
include a metal oxide catalyst, such as in the various forms 
described herein. The reaction product mixture can then pass 
through the heat exchanger 312 in order to transfer heat from 
the effluent reaction product stream to the polyol and ethanol 
feedstock streams. The reaction product mixture can also pass 
through a backpressure regulator 318 before passing on to an 
as-made fuel storage tank 320. From the storage tank 320, 
volatile gases can be passed to a thermal oxidizer 322. The top 
layer from the storage tank 320 can be passed to a distillation 
apparatus 324. Such as a fractional distillation apparatus. The 
distillation apparatus 324 can serve to separate out compo 
nents such as diethyl ether, residual ethanol, and polyol fuel. 
The diethyl ether can pass to a diethyl ether tank 326. Simi 
larly, the polyol fuel can pass to a polyol fuel tank 328. The 
recovered ethanol can pass through a pump 320 before being 
returned to the ethanol feedstock tank 308. 

In various embodiments, the reaction products of a polyol 
and a component selected from group including organic acids 
and alcohols can be used as an additive to enhance the prop 
erties of a fuel composition. By way of example, a fuel com 
position can beformed by combining the reaction products of 
glycerin and an alcohol with a fatty acid alkyl ester compo 
sition. The use of Such reaction products in this manner can 
provide the resulting fuel composition with various beneficial 
properties. 

In some embodiments, a fuel composition can include at 
least about 0.1 percent by weight of the reaction products of 
a polyol and a co-reactant selected from organic acids and 
alcohols. In some embodiments, a fuel composition can 
include at least about 1.0 percent by weight of the reaction 
products of a polyol and a co-reactant selected from organic 
acids and alcohols. In some embodiments, a fuel composition 
can include at least about 5.0 percent by weight of the reaction 
products of a polyol and a co-reactant selected from organic 
acids and alcohols. 
The present invention may be better understood with ref 

erence to the following examples. These examples are 
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10 
intended to be representative of specific embodiments of the 
invention, and are not intended as limiting the scope of the 
invention. 

EXAMPLES 

Example 1 

Formation of Base Modified Titania Particles 

700 mL of 1.0 M sodium hydroxide was placed in a 2 liter 
plastic Erlenmeyer flask. 110 g of 80 um diameter (60 Ang 
strom average pore diameter) bare titania (commercially 
available from ZirChrom Separations, Inc., Anoka, Minn.) 
was added to the flask. The particle Suspension was Sonicated 
for 10 minutes under vacuum and then swirled for 2 hours at 
ambient temperature. The particles were then allowed to 
settle and the alkaline solution was decanted and then 1.4 
liters of HPLC-grade water was added to the flask followed by 
settling and decanting. Then 200 mL of HPLC-grade water 
was added to the flask and the particles were collected on a 
Millipore nylon filter with 0.45 micron pores. The collected 
particles were then washed with 2 aliquots of 200 mL HPLC 
grade water followed by 3 aliquots of 200 mL of HPLC-grade 
methanol. Air was then allowed to pass through the particles 
until they were free-flowing. 

Example 2 

Formation of a Packed Column 

Particles as formed in Example 1 were dry packed into two 
1.0 cm i.d.x15 cm stainless steel reactor tubes. Each tube 
contained 16.3 g of the base modified titania. 

Example 3 

Synthesis of Fuel Additive from Ethanol and 
Glycerin 

One high pressure Waters 590 HPLC pump (obtained from 
Waters Corporation, Milford, Mass.) was used to draw from a 
glycerin-ethanol reservoir that was continuously sparged 
with nitrogen. The glycerin (99%) was obtained from Sigma 
Aldrich. The 190 proof ethanol was obtained from Sigma 
Aldrich. The mole ratio of the glycerin to ethanol was 1:47. 
The glycerin-ethanol Solution was pumped into a custom 
designed heat exchanger that was formed by welding together 
one /8" inch o.d. stainless steel tube (Alltech Associates, 
Deerfield, Ill.) with silver solder such that the heat from the 
hot effluent from the reactor was exchanged with the one 
incoming reactant stream (glycerin-ethanol). After the heat 
exchanger the reactant mixture passed through an electrical 
preheater that brought the reactants to the desired set point 
temperature before the mixture entered the independently 
temperature controlled fixed bed catalytic reactor. Tempera 
ture control was achieved using EZ-Zone PM (Watlow, St. 
Louis, Mo.) temperature controllers. The reactor consisted of 
wound stainless steel HPLC tubing coupled to a grooved 
aluminum cylindrical block with an 800 watt Watlow heater 
in the center of the cylinder. The reactor size was 1 cmx15 cm 
and included a titania catalyst (80 um/60 A) and was formed 
in accordance with example 2 above. The contact time was 
calculated to be 30 seconds. The backpressure of the system 
was maintained through the use of a backpressure regulator 
obtained from Tescom (Elk River, Minn.), after which the fuel 
was routed to an as-made fuel tank. The reaction conditions 
for this example are summarized in Table 1 below. The front 
pressure and back pressure were held at 2250 psi in each case. 
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TABLE 1 

Temp. Temp. 
Temp. Reactor Reactor Temp. Tee Reactor Before After 
Setting Preheater Setting Inlet Between Mix Outlet Heat Heat Sampling 
Point Temp. Temp. Temp. Reactors Temp. Temp. Exchanger Exchanger Time 
(° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (min) 

375 375 375 375 395 189 371 3O2 62 26 
375 375 375 375 391 279 384 324 98 47 
375 375 375 375 392 288 386 328 09 59 
375 375 375 375 393 294 389 332 18 135 
375 375 375 375 393 296 389 333 18 176 
375 375 375 375 393 296 389 333 19 217 
375 375 375 375 393 296 389 333 19 258 
375 375 375 375 393 296 389 333 19 299 
375 375 375 375 393 296 389 333 19 341 
375 375 375 375 393 296 389 333 19 382 
375 375 375 375 393 296 389 333 19 403 
375 375 375 375 393 296 389 333 19 423 

The reaction product mixture was assayed using gas chro 
matography. The separation conditions for GC were: tem 
perature program: 45°C. for 6 min, then increase temperature 
to 280° C. at 5° C./min, then hold 5 minutes, total running 
time of 58 minutes, GC column=DB-530 mx0.25mmx0.25 
um, head pressure=45 kPa. FIG. 4 shows the gas chromato 
gram obtained from the reaction products. The properties of 
the reaction products were then tested using standard ASTM 
tests typically used for biodiesel. The testing was performed 
by FuelOnly, Inc. (ISO9000, Vancouver, Wash.). The ASTM 
testing results are shown in FIG. 5. 

The data show that glycerin can be reacted with an alcohol 
in the presence of a metal oxide catalyst in order to form 
reaction products that are useful as fuel additives. 

25 

30 

35 
Example 4 

Temperature Effects on Product Mixture Obtained 
from Reaction of Methanol and Glycerin 

40 

Glycerol (99%, Aldrich) and HPLC grade methanol were 
premixed in a 2 L container. The reaction mixture was con 
tinuously sparged with nitrogen gas and pumped through a 
reactor (set-up as described above in Example 3) at 15.2 
mL/minto maintain a 30 second contact time with the catalyst 
(15 cmx1 cm column, titania (80 micron/60 A)). Tempera 
tures were as described in Table 2 below. Front pressure and 
back pressure were both 2300 psi. 

45 

C. for 5 min, increasing to 180° C. at 15°C/min, increasing 
to 270° C. at 7° C./min and holding for 5 minutes. The total 
runtime was 32 minutes. 

The GC spectra revealed a complex mixture of compounds. 
The majority of compounds appear to be volatile and polar in 
nature. The data is shown in FIG. 6. The first trace represents 
the reaction run at 350° C. sample and the second trace 
represents the reaction run at 370°C., respectively. 
The reaction at 350° C. displayed volatile compounds, 

Some semi to non-volatile components and unreacted glyc 
erol. The chemical compounds determined in this fraction 
included dimethyl ether (DME), acetone, dimethoxy meth 
ane, methyl acetate, 2-butanone, methyl propionate, 2.2- 
dimethoxy acetone, acrolein dimethyl acetal, propionalde 
hyde dimethyl acetal, 3-methoxy propanal, crotonaldehyde 
dimethyl acetal, and 2,2-dimethoxybutanone. 
The reaction at 370°C. displayed volatile compounds, an 

increase in the amounts of semi- to non-volatile components 
and only a small amount of unreacted glycerol. The chemical 
compounds determined in this fraction included dimethyl 
ether, ethanol, acetone, allyl alcohol, acetoin, 2-butanone, 
methylpropionate, 2,2-dimethoxyacetone, acrolein dimethyl 
acetal, propionaldehyde dimethyl acetal, 3-hydroxy-2-bu 
tanone, and methyl lactate. 
GC-MS Analysis 

Both samples were distilled and the distillate was captured 
in a cold trap. GC-MS analysis was conducted on the col 
lected distillate to determine the volatile products present. 

TABLE 2 

Temp. Temp. 
Temp. Reactor Reactor Temp. Tee Reactor Before After 
Setting Preheater Setting Inlet Between Mix Outlet Heat Heat 
Point Temp. Temp. Temp. Reactors Temp. Temp. Exchanger Exchanger 
(° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) 

350 350 350 350 353 290 347 3O2 104 
370 370 370 370 376 290 380 335 116 

60 Samples were collected and then analyzed by gas chroma 
tography (GC), gas chromatography-mass spectrometry 
(GC-MS), and nuclear magnetic resonance (HNMR). 
GC Analysis 
GC analysis was performed using an HP5890 and DB-5 

GC column (30 mmx0.25 mmx0.25 um) the head pressure 
was set to 45 kPa and the temperature was programmed to 40° 

65 

GC-MS was also conducted on the non-volatile fraction. A 
sample of the 370°C. products was placed in a round bottom 
flask and the volatile portion removed by rotary evaporation 
at 50° C. and 20 mmHg. The residue was analyzed by GC-MS 
on an HP 6890 using a mass cutoff of 37. This cutoff effec 
tively removes methanol from the spectrum allowing for 
analysis of the peaks that would otherwise co-elute with the 
methanol or be Suppressed by low signal-to-noise. 
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Volatile Separation Conditions: The HP6890 was used 
with the following settings: flow rate 0.5 mL/min, split injec 
tion 20:1, DB-5 column, a temperature program was used: 
35° C. for 5 minutes, increased to 45° C. at 5°/min and held 
for 2 minutes, increased to 180° C. at 20°C./min and held for 
5 minutes. The total runtime was 22.75 minutes. 

Non-Volatile Separation Conditions: The HP6890 was 
used with the following settings: flow rate 0.5 mL/min, split 
injection 20:1, DB-5 column, temperature was programmed 
to 50° C. for 5 minutes, increased to 95°C. at 10°C/min and 
held for 5 minutes, increased to 280° C. at 10° C./min and 
held for 10 minutes. The total runtime was 43 minutes. 

The data generated from GC-MS analysis are shown in 
Table 3 below (peaks are labeled based on the highest prob 
ability NIST hit). 

TABLE 3 

350° C. RT 370° C. RT 

DME 1.857 DME 1.85 
Acetone 2.136 EtOH 2.05 
dimethoxy methane 2.256 Acetone 2.141 
MeOAC 2.309 allyl OH 2.42 
2-butanone 2.768 acetoin 2.705 
methylpropionate 3.188 2-butanone 2.776 
2,2-dimethoxyacetone 3.529 methyl propionate 3.21 
acrolein dimethyl acetal 3.865 2,2-dimethoxyacetone 3.55 
propionaldehyde dimethyl 4.163 acrolein dimethyl acetal 3.9 
acetal 
3-methoxypropanal 4.81 propionaldehyde dimethyl 4.18 

acetal 
crotonaldehyde dimethyl 6.18 3-hydroxy-2-butanone 4.66 
acetal 
2,2-dimethoxybutane 6.46 methyl lactate 5.655 

The GC-MS spectra for the 350° C. products show that the 
formation of acetals are favorable at high glycerol concentra 
tions. There was acroleinformation but it is trapped by metha 
nol, either by dimethyl acetal formation or by 1.4 addition of 
methanol to yield to 3-methoxy propanal. 

The GC-MS spectra of the non-volatile portion of 370° C. 
products included methyl lactate as the dominating compo 
nent. 
"H NMR Analysis 
Only the non-volatile portion of the 370°C. products were 

analyzed by H NMR. NMR spectra were recorded using a 
Varian 300 MHz instrument. The residue was dissolved in 
CDC1 containing TMS as an internal reference. 
Due to the number of compounds present in the samples, 

the "H NMR spectrum of the non-volatile fraction of the 370° 
C. products was very complicated, but did provide a “chemi 
cal fingerprint’ of the compounds produced in the reaction. 
3-methoxy propanal and methyl lactate were identified by 
chemical shift analysis. 
The invention has been described with reference to various 

specific and preferred embodiments and techniques. How 
ever, it should be understood that many variations and modi 
fications may be made while remaining within the spirit and 
Scope of the invention. 

It should be noted that, as used in this specification and the 
appended claims, the singular forms “a,” “an and “the 
include plural referents unless the content clearly dictates 
otherwise. Thus, for example, reference to a composition 
containing “a compound includes a mixture of two or more 
compounds. It should also be noted that the term 'or' is 
generally employed in its sense including “and/or unless the 
content clearly dictates otherwise. 

It should also be noted that, as used in this specification and 
the appended claims, the phrase “configured describes a 
system, apparatus, or other structure that is constructed or 
configured to perform a particular task or adopt a particular 
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configuration to. The phrase “configured’ can be used inter 
changeably with other similar phrases such as arranged and 
configured, constructed and arranged, constructed, manufac 
tured and arranged, and the like. 

All publications and patent applications in this specifica 
tion are indicative of the level of ordinary skill in the art to 
which this invention pertains. All publications and patent 
applications are herein incorporated by reference to the same 
extent as if each individual publication or patent application 
was specifically and individually indicated by reference. 
The invention claimed is: 
1. A fuel composition comprising: 
at least about 50 percent by weight offatty acid alkyl esters: 

and 
at least about 1 percent by weight of the reaction products 

of a polyol and an alcohol when reacted in the presence 
of a catalyst at a temperature of greater than 300 degrees 
Celsius. 

2. The fuel composition of claim 1, the polyol comprising 
glycerin. 

3. The fuel composition of claim 1, the alcohol comprising 
ethanol. 

4. The fuel composition of claim 1, comprising at least 
about 1 percent by weight of the reaction products of a polyol 
and an alcohol. 

5. The fuel composition of claim 1, comprising at least 
about 5 percent by weight of the reaction products of a polyol 
and a component selected from the group consisting of 
organic acids and alcohols. 

6. The fuel composition of claim 2, the alcohol comprising 
a C1-C30 alcohol. 

7. A method of making a fuel composition: 
processing a lipid feedstock in order to produce a mixture 

of fatty acid alkyl esters and glycerin; 
separating out the glycerin; 
combining the glycerin with an alcohol feedstock to form a 

reaction mixture; 
contacting the reaction mixture with a metal oxide catalyst 

at a temperature of greater than about 300 degrees Cel 
sius to form a product mixture; and 

combining the product mixture with fatty acid alkyl esters 
to form the fuel composition. 

8. The method of making a fuel composition of claim 7, the 
metal oxide catalyst selected from the group consisting of 
alumina, hafnia, titania, and Zirconia. 

9. The method of making a fuel composition of claim 7, the 
temperature greater than about 350 degrees Celsius. 

10. The method of making a fuel composition of claim 7. 
the alcohol feedstock comprising a C1-C30 alcohol. 

11. A method of producing a cold weather biodiesel com 
position comprising: 

contacting glycerin and ethanol with a metal oxide catalyst 
at a temperature of greater than about 300 degrees Cel 
sius to form a reaction product mixture; and 

mixing the reaction product mixture with a fatty acid alkyl 
ester composition to form a cold weather biodiesel com 
position, such that the combined mixture includes at 
least about 0.1 wt.% of the reaction product mixture. 

12. The method of producing a cold weather biodiesel 
composition of claim 11 mixing the reaction product mixture 
with a fatty acid alkyl ester composition to form a cold 
weather biodiesel composition, such that the combined mix 
ture includes at least about 1.0 wt.% of the reaction product 
mixture. 

13. The method of producing a cold weather biodiesel 
composition of claim 11 the metal oxide catalyst selected 
from the group consisting of alumina, hatnia, titania, and 
Zirconia. 


